A simple theoretical model is presented for the distribution of air speeds in a modified horizontal elutriator consisting of groups of plates with different lengths. Equations are presented for calculating the particle penetration both in channels of shortended plate lengths, as downstream the end of a shortended plate.
developed the theory for horizontal and vertical elutriation. Mercer (1973) reproduced the most important parts of the theory in his book Aerosol Technology in Hazard Evaluation. An aerosol separator based on horizontal elutriation consists of a stack of plates with identical dimensions and spacing, usually followed by a filter. Hamilton and Walton discussed the separation error caused by possible manufacture error consisting of unequal channel heights (1961) . The horizontal elutriator has mainly been used for the sampling of respirable dust according to the British Medical Research Council (BMRC) and the Johannesburg sampling conventions (Orenstein, 1960; British Medical Research Council, 1961 ).
An ordinary horizontal elutriator consists of a stack of identical plates, mounted horizontally in a rectangular duct, usually with a filter downstream of the separation zone. The penetration, pen(V s ), of a particle size with sedimentation speed V s may be written as
(1)
where Q 0 is the total airflow through the horizontal elutriator, A tot its total sedimentation area, h and L are the plate separation and length respectively and U 0 is the air velocity through each of the horizontal elutriator channels. The principal advantage of the horizontal elutriator as a pre-separator, over cyclones and impactors, is that its internal separation efficiency can be determined directly from theory, without any experimentally determined coefficients. The penetration may be modified by either changing the angle to the horizontal (Tillery and Buchan, 2002) , unequal plate spacing (Hamilton and Walton, 1961) or unequal plate lengths (Myojo et al., 2007) . (Other even more complicated ways to modify the horizontal elutriator in order to bend its inherent separation efficiency might be to have a range of outlet widths narrower than the inlet widths, or different inclination angles for different channels. However, no such experiments seem to have been published.) This short note will present a simplified theory of the air flow through a modified horizontal elutriator with plates of unequal lengths.
SIMPLE MODEL OF A HORIZONTAL ELUTRIATOR WITH UNEQUAL PLATE LENGTHS
The model is based on the following assumptions:
(1) All elutriator plates are assumed to begin at the same horizontal distance from the elutriator exit, they are all infinitesimally thin and the height of all channels are identical, h; (2) Longer plates are mounted below shorter plates (and thus plates with equal lengths are grouped together); (3) Plug flow exists inside each channel; (4) The space downstream each *Author to whom correspondence should be addressed. E-mail: goran.liden@itm.su.se group of channels, is termed the corresponding segment, and the jets exited from the channels continue inside the segment with identical air speed as within the channels, without adjusting its speed to the air speed in the neighbouring segment above; (5) The pressure drop from the inlet of a channel to the end of the horizontal elutriator is the same for all routes, independent of which channel and which segments are passed, DP; (6) Entry and exit pressure drops of the channels and segments may be discarded in relation to the pressure drops in the channels and the segments themselves; (7) Pressure drops along the part of a segment that has no solid wall is assumed to be negligible; (8) The aspiration efficiency of all channels will be unity for particles penetrating the horizontal elutriator. See Fig. 1 . Schlichting (1979) showed that the boundary layer between two parallel infinite laminar planar streams at different speeds develops in the transversal direction as x 0.5 , where x is the distance from the junction. This is so slow that almost no air speed equilibration will occur between the segments of a modified horizontal elutriator. For enclosed streams, as within a modified horizontal elutriator, the boundary layer between the segments is expected to develop even slower. The model with identical air speed in both channel and segment is therefore plausible.
Let the horizontal elutriator consist of N channels, numbered from above, in groups of identical plate lengths from above. Let the length of the ceiling plates of the rth group of channels be termed L r . The top channel belongs to the first group even though its ceiling length is identical to the nominal (maximum) length of the modified elutriator, L 0 . The segments are numbered in the same order as the groups of identical channel lengths. The length of segment r, L seg r , is
As an illustrating example, say that we have three groups of plate lengths, including the nominal plate length, with groups of plates having identical ceiling lengths beginning at channels 1, 4 and 8, and with the first two groups with plate lengths
The total number of channels is 20. This will result in three channel air speeds for the three groups of plate lengths, U 1 , U 2 and U 3 . See Fig. 1 .
DISTRIBUTION OF AIR FLOWS
The distribution of velocities among the channels of the modified horizontal elutriator will be determined by the requirement that the pressure drop along all channel groups plus corresponding segment shall be identical.
In each channel in the rth group of the horizontal elutriator, the pressure drop, DP chan r , can be approximated by
where l(Re chan r ) is the friction factor, d h the hydrodynamic diameter of the channel (identical for all channels/groups) and h is the dynamic viscosity.
The hydrodynamic diameter for a flow of width W in a channel d h , or in a segment d h r , consisting of n r channels, is calculated as
The pressure drop along the segments, DP seg r , depends upon how the flow is enclosed. Let each segment be divided into possibly three parts depending on how many plate surfaces enclose it, 0, 1 or 2. The pressure drop may then be approximated as follows: (1) For the part of the segment enclosed by both an upper and lower plate, the pressure drop is calculated similarly as in equation (2); (2) For the part of the segment enclosed either by an upper or lower plate, the pressure drop is approximated by half the corresponding value calculated similarly as in equation (2) and (3) For the part of the segment enclosed neither by an upper nor a lower plate, the pressure drop is approximated as zero. For the illustrating example in Fig. 1, this gives the following approximate pressure drops for the first and second segments For the illustrating example, the total pressure drop along the air stream from entry to exit of the horizontal elutriator for any of the three groups of channel lengths, DP r , is calculated as
This is a set of linear equations with an analytic solution when h, L 0 , W, N (N = n 1 + n 2 + n 3 ) and Q 0 are specified. However, it is easier to solve them numerically. For the data in this example, and h/W = 0.023, the following solution is obtained for the velocities
This simple model indicates that if the length of the first segment after a group of channels is long (i.e. relative to its hydrodynamic diameter), the pressure drop in it might be large enough to decrease the air speed in that group of channels.
PARTICLE SEPARATION DOWNSTREAM OF THE SHORTENED PLATES
If the length of a group of channels is not very short compared to the nominal plate length, it will mainly be airborne particles in the lowest and the next to the lowest channels that may be separated in the segment downstream of the group.
For the channel at the bottom of a group r of channels, the following simplified model may be used to study the extra separation that occurs as the particles flow along the 'roof' of the next group, r + 1, of channels. In the channel at the bottom of group r, let the penetration of a particle with sedimentation speed V s, at horizontal position x (measured from the entry into the elutriator) be termed pen r0 (x, V s ). At the entry and at the exit of the first part of the segment downstream of the ceiling plate proper (that is for L r < x < L r+1 ), the penetration so far into the elutriator may be estimated as
In the example illustrating the model, for the first group of channel lengths, i.e. the channel at the bottom of the first group (subscript r0 = 10), channel #3, the numerical value of the correction factor is L 2 /L 1 = 0.7L 0 /0.3L 0 % 2.3, thus considerably decreasing the penetration through this individual channel. In contrasting to this, for the second group of channel lengths, i.e. the channel at the bottom of the second group (subscript r0 = 20), channel #7, the correction factor is only L 3 /L 2 = L 0 /0.7L 0 % 1.4. Thus, a calculation of the total penetration along the lowest channel of a group of channels with identical lengths may need to take account of the separation after the length of the channel plate proper. For the channels (of a group of shortened plates) above the lowest of the channels of the group, the particles will have a much longer sedimentation distance until they are separated. The following simplified model may be used to study the effect on penetration. In the jth channel above the lowest channel in group r of channels of identical lengths, at the end of the channel plate, the particles are concentrated within the distance z < h pen rj (L r V s ), where z is measured from the floor of channel j. (See Fig. 1 for the enumeration with j of the channels within the groups of channels.) The sedimentation depth for all particles before reaching the floor in the first part of the downstream segment is h[ j + pen rj (L r , V s )] with a corresponding required sedimentation time, t s ,
! and the time available for transit, t t , is
where U r is the air speed in the first part of the downstream segment after group r of channels. No particles for which the shortest sedimentation time is longer than the available transit time will be separated, and all particles for which the longest sedimentation time is shorter than the available transit time will be completely separated. Particles with sedimentation times in between will have corresponding penetrations. For a particle originally entering channel j in group r of channels, the 381 A simple theoretical model for the air flow penetration after the end of the first downstream segment will thus be The requirement for non-zero penetration through group r of channels is V s < U r (h/L r ), which in combination with the requirement for zero losses in the first downstream segment gives
In most cases, one would only need to check for the next to the lowest channel of the group, i.e. for j = 1. It is only for the case where the first part of the downstream segment is considerably longer than the channel itself that considerable additional separation will occur. Further, separation in downstream segments may be checked by similar methods.
In the example illustrating the model, the numerical value of the limiting factor in equation (11) for the first group of channels is 1.3, and thus, the tail of the total penetration curve through this channel (with subscript rj = 11, i.e. channel #2) will be somewhat sharpened for particles larger than the 50% cut size. In contrasting to this, the factor for the second group of channels is only 0.30, which implies no further separation in its downstream segment.
For groups of plates with lengths considerably longer than the length of the first part of the downstream segment, the particles generally will only sediment a short distance downwards in the segment, and therefore all particles not separated in the channel proper will escape further separation. Figure 2 presents the penetration through channels 1, 2, 3, 5, 6 & 7 (i.e. subscript rj = 12, 11, 10, 22, 21 & 20, respectively) for both the velocity and penetration models presented here, and a simple model where the velocity in channel group r is proportional to L 0 /L r , and only the penetration through the channel proper is determined. It can be seen that, for the first group of channels there is, as expected, significant influence on the penetration through channel #1, pen 12 , channel #2, pen 11 and especially for channel #3, pen 10 . However, for the second group of channels there is only non-negligible influence on the penetration of channel #7, pen 20 .
The total penetration through all channels will then be calculated as the flow-weighted average over the penetration of the individual channels. For each group of channels with identical plate lengths, the penetrations of the channel at the bottom, the channel just above the channel at the bottom and all channels above these may be different.
DISCUSSION
The simplified model presented above gives some guidelines to reduce the separation downstream of the channels proper. This may be achieved by two requirements: (1) The ratio of the additional length of a segment of the horizontal elutriator to the hydrodynamic diameter of the segment shall not be high; and (2) The additional length of the subsequent group of channels shall not be much longer than the plates of the present group of channels.
Due to the problems of determining whether additional separation occurs after the end of the channels proper (based on the simplified model above), it is recommended that this method for modifying the penetration curve of a horizontal elutriator to be used only when the number of plates or their spacing cannot be changed or that the manufacturing requirements for unequal plate spacing cannot be met, provided that the measured penetration can be modelled from first principles. Otherwise, a modification of the plate spacing with identical plate lengths is to be preferred, as the air flow is predictable and no simplified assumptions are needed to model the penetration. 12, 11, 10, 22, 21 & 20, respectively) for both the velocity and penetration models presented here and a simple model where the velocity in channel group r is proportional to L 0 /L r , and only the penetration through the channel proper is determined.
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G. Lidén and A. Jansson Using the approach with unequal plate spacing amounts to turning what Hamilton and Walton (1961) saw as a potential manufacturing problem into a design tool.
